Blue and ultraviolet upconversion (UC) emissions at 455 and 363 nm were observed from Tm 3+ doped fluoroindate glasses pumped at 650 nm. The time behavior of the UC signals was studied for different Tm 3+ concentrations. The measurements revealed the origin of the UC process as well as allowed to quantify the interaction between Tm 3+ ions. The results indicate that a two-step one-photon absorption process is responsible for the UC emissions, and dipole-dipole interaction provides the main contribution for energy transfer (ET) among active ions. The critical distance between Tm 3+ ions at which the ET rate is equal to the decay rate of noninteracting Tm 3+ ions was determined.
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I. INTRODUCTION
The optical properties of rare earth (RE) doped solids have been extensively investigated. 1, 2 However, the search for new materials with improved functionality is still an active area. In particular, the investigation of optimized glasses for efficient lasing and frequency upconversion (UC) processes requires more effort due to their potential applications. 1, 2 Amongst the enormous variety of existing glasses, fluoride systems are attractive materials for photonics because large amount of RE ions can be introduced in the matrix and they can be used to fabricate special optical fibers and fiber lasers. Moreover, due to cut-off phonons of low energy, the nonradiative relaxation rate of RE excited states in fluoride glasses is small and thus the luminescence efficiency is larger than in other systems. Indeed, it well characterizes the good performance of fluoride glasses in color displays and lasers.
Recently, a class of fluoride systems-fluoroindate glasses (FIG)-has gained attention because a number of improvements in their characteristics were developed.
3 Nowadays, FIG samples can be prepared with good optical quality, large stability against atmospheric moisture, and low optical attenuation from 0.25 m to 8 m. Optical properties were studied in a large number of RE-doped FIG samples 3-16 and the results demonstrate the large potential of this material to be used in upconverters, optical amplifiers, lasers, and sensors.
In this article we report on the spectroscopic properties of Tm 3+ -doped FIG by single wavelength pumping in the red region. The Judd-Ofelt (J-O) theory 17, 18 was used to obtain the quantum efficiency of the 4f-4f transitions and other spectroscopic parameters. The dynamics of the fluorescence was investigated and energy transfer (ET) processes among Tm 3+ ions were studied. UC from red to blue and ultraviolet was studied and the mechanism which originated the upconverted emissions was elucidated.
UC in Tm 3+ doped fluoroindate glasses has been previously studied using continuous wave (CW) lasers for excitation. 12 The present report provides different information because different glass compositions were used and because the excitation source is a pulsed laser that allows a better characterization of the dynamics of the UC process.
II. EXPERIMENT
The samples used have the following composition in mol %: ͑39− x͒InF 3 -20ZnF 2 -20SrF 2 -16BaF 2 -2GdF 3 -2NaF-1GaF 3 -xTmF 3 , where x = 1.0, 2.0, and 3.0. The glass synthesis was implemented using standard proanalysis oxides and fluorides as starting materials following the procedure given in Refs. 3-8. Samples with dimensions 0.2ϫ 1.0ϫ 1.0 cm 3 were used.
The absorption spectra of the samples were measured a)
Author to whom correspondence should be addressed; electronic mail: cid@df.ufpe.br using a double-beam spectrophotometer that operates from 400 cm −1 ͑2.5 m͒ to 30 000 cm −1 ͑0.33 m͒. The Nd:YAG (YAG-yttrium aluminum garnet) pumped dye laser used for the fluorescence experiments operates at 5 Hz with Ϸ10 ns pulses, peak power of Ϸ20 kW, linewidth of Ϸ0.5 cm −1 , and could be tuned over the 620-690 nm range. The linearly polarized dye laser beam was focused into the sample with a 3 cm focal length lens and the fluorescence was collected along a direction perpendicular to the incident beam direction by a 5 cm focal length lens. The signal was processed using a digital oscilloscope connected to a computer.
III. RESULTS AND DISCUSSION
The absorption spectrum of the FIG sample with x = 1.0 is presented in Fig. 1 . The spectra for other samples are similar with no shift in the wavelengths of the absorption peaks. The intensities of the bands vary linearly with the concentration of Tm 3+ . All transitions are inhomogeneously broadened. Each assignment in Fig. 1 corresponds to the upper level of transitions originating from the Tm 3+ ground multiplet ͑ 3 H 6 ͒. The analysis of the absorption spectra was made using the J-O theory. 17, 18 From the integrated absorbance spectra three intensity parameters, which are dependent on the ligand field and dominate the transition probabilities in the glass, were determined: ⍀ 2 = 2.36ϫ 10 −20 cm 2 , ⍀ 4 = 1.59ϫ 10 −20 cm 2 , and ⍀ 6 = 1.21ϫ 10 −20 cm 2 . Oscillator strengths for transitions originating from the ground multiplet are given in Table I . Branching ratios, radiative lifetimes, and multiphonon relaxation rates were determined for all Tm 3+ levels and the results are presented in Table II . The procedure to calculate the quantities given in Table I and  Table II is based on Refs. 17 and 18 except for the multiphonon relaxation rates which were calculated using the "energy gap law"
19 considering the energy of the cut-off phonon mode of the FIG matrix ͑Ϸ500 cm −1 ͒.
20
The fluorescence spectrum with transition 3 H 6 → 3 F 2 being resonantly excited at 650 nm ͑15 385cm −1 ͒ is shown in Fig. 2 . The emitted intensities at Ϸ22 000 cm −1 ͑Ϸ455 nm͒ and 27 550 cm −1 ͑Ϸ363 nm͒ have the same order of magnitude. The intensity at Ϸ12 500 cm −1 ͑Ϸ800 nm͒ was attenuated 1500 times to be included in the Table  III . The rise time of the UC transitions follows the laser pulse rise time for all samples while the decay time decreases from 26 to 6 s as the Tm 3+ concentration increases.
The proposed UC pathway is illustrated in Fig. 4 where it is indicated that the blue and UV emissions are due to a two-step one-photon absorption.
We recall that the cut-off phonons in the FIG matrix is Ϸ500 cm −1 and thus, the multiphonon relaxation rate between levels 1 When ET among the emitting atoms (donors) and traps of excitation (acceptors) occurs the fluorescence decay can be described by 
where c is the concentration of acceptors and R 0 is the critical distance between Tm 3+ ions at which the ET rate is equal to the decay rate of the donor ion, s is the parameter of the multipolar interaction [s =6,8, or 10 for dipole-dipole, quadrupole-dipole, and quadrupole-quadrupole interactions, respectively] and ⌫͓1−͑3/s͔͒ is the Gamma function. The ET donor-acceptor can be of two types: (a) static transfer (ST), where the energy is transferred from an excited donor to an unexcited acceptor, and (b) fast diffusion, where the energy is transferred from an excited acceptor after migration to donors. 24 The ST process is expected to give the main contribution in our experiments because we have not observed pure exponential decay for any sample. Fast diffusion may be important for larger Tm 3+ concentrations. Figures 5(a)-5(c) illustrate the dynamical behavior of the blue emission at Ϸ455 nm with excitation at 650 nm for x = 1.0, 2.0, and 3.0. The solid lines represent Eq. (1) fitted to the data points assuming 0 =67 s, which is the value calculated using the J-O theory. An analogous procedure was employed for the other emissions.
To infer the kind of interaction between donors and acceptors the logarithm of P͑t͒ versus the logarithm of t was examined. The results, obtained by extracting an exponential part, exp͑−t / 0 ͒, from the recorded fluorescence signal, correspond to P͑t͒ϱt , with 0.48Ͻ Ͻ 0.59. This behavior is also illustrated in Fig. 5 . The value of Ϸ 0.5 indicates that dipole-dipole interaction is the main mechanism for ET among the ions.
The parameter ␥ in Eq. (2) was determined for all samples and the results are presented in Fig. 6 which displays a linear dependence of ␥ with the Tm 3+ concentration. From the data of Fig. 6 the values of R 0 were calculated and the results are presented in Table IV 
